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Abstract 

Relative concentrations of elements in the minerals of fine-grained sediments can be inferred from 
element-mineral correlation coefficients. The technique is applied to the distribution of REE in Middle 
Ordovician shales from South Wales analysed by ICPAES, Leco C/S125 and XRD. Phosphate and 
chlorite show mid-REE enrichment; muscovite + biotite shows mid-REE depletion. The complemen- 
tarity of the chlorite and muscovite + biotite patterns may be due to fractionation during diagenetic 
recrystallisation. Partial correlation analysis is used to infer the presence of zircon. 
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Introduction Methodology 

INVESTIGATION of the mineralogical distribution of 
elements in f ine-grained sediments presents 
considerable problems because direct chemical 
analysis of individual minerals is usually imprac- 
ticable. In the present study we describe a 
statistical technique for inferring element concen- 
trations in minerals, and investigate thereby the 
mineralogical distribution of REE in some Middle 
Ordovician shales from South Wales. 

Theory 

Let: Pi = concentration of element A in 
mineral C in rock specimen i, 
qi = concentration of element A in non-C 
(the rest of specimen 0, 
ki = mass of mineral C in specimen i, 
l-k,-  = mass of non-C in specimen i, 

where Pi, q; and ks are independent random 
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variables (0 ~< Pi <<, 1; 0 ~< qi <~ 1; 0 ~< ki <~ 1). 
Then: piki = mass of  element A in C in 

specimen i, 
q,(1 - ki) = mass of  element A in non-C 
in specimen i, 
piki + q,{1 - ki) = (Pi - -  qi) ki + qi = mi 
= total  mass of  element A in specimen i. 

We can measure m i and Ok,-, where 0 is a 
constant,  and therefore f rom a sample of  n 
specimens  we can  ca lcula te  the co r re l a t ion  
coefficient (r) between them, i.e. between {(Pi - 
qi) ki + qi} and Oki. We wish to find the relation 
between r and the mean values of  Pi or (Pi - q/). 

Writ ing E for the mathematical  expectation or 
mean of  a function, and ignoring the constant 0 
which cancels out  in the calculations, we find that 
the covariance of  [(p - q)k + q] and k is: 

E[(p - q)k 2 + qk] - E[(p ~_.[~p)k_ + q] E(k)  
= E [ ( p -  q)k 2] + E ( q k ) -  q)k] E ( k ) -  

E(q) E(k) 
= E[(p - q)k 2] - E[(p - q)k] E(k), since q 

and k are independent, 
= E(p - q) E(k 2) - E(p - q) E2(k), since (p 

- q) and k are independent, 
= E(p - q) [E(/~) - E2(k)] . 

I f  we now write (~ - ?/) for E(p - q) and ~ for 
standard deviations, the correlation coefficient r 
between m and k becomes: 

r = (~ - Cl) ak/r~m. (1) 
Since both Ok and r are /> O, the sign of  r is 

determined by the sign of  (t5 - ?/). Thus if: 
@ - q )  > 0, r > 0, 
@ - q )  < 0, r < 0. 

Furthermore,  the magnitude of  r is directly 
proport ional  to the value of  (/5 - c/) normalised by 
O "  m . 

We note three special cases: 
(1) i f  (35 - C/) = 0, r = 0: if  the concentration of  

the element is the same in the mineral as elsewhere 
(i.e. equal to the overall mean concentration), the 
correlation coefficient is zero; 

(2) if  pl  = P2 = P3 = .... ~ 0, a n d q l  = q2 = q3 
= . . . . = 0 ,  r = + 1: i f  the element has constant 
concentrat ion in the mineral and zero concentra- 
tion elsewhere the correlation coefficient takes a 
limiting value of  + 1; 

(3) conversely, i fp l  = P2 = P3 = �9 ..... = 0, and 
ql = q2 = q3 =... . .  ~ 0, r = - 1 :  if  the element has 
zero concentrat ion in the mineral and constant 
concentrat ion elsewhere the correlation coefficient 
takes a limiting value of  - 1 .  

We now widen the model  to encompass two 
elements (or e.g. oxides) A and B, and a mineral C. 
There are now 5 variables PA, qA, PB, qB and kc,  
which are assumed to be independent except that 
Pa may be correlated with PB, and qA with qB. The 
measured quantities are now mA, m~ and Okc. If  

we denote the total correlation coefficients between 
these measurements by rAB, r~c and rBc, and the 
partial correlation coefficient between mA and m s  
by rAn.c, then 

TAB = TAC" TBC -[- ~'AB'C" ~/(1 - r~tc)(1 - ~ec)' (2) 

Application 

By reason of  equation (1) we can use r for 
comparing the relative concentrations of  different 
elements in a mineral: the mineral/element correla- 
tion coefficient is in fact analogous to the logarithm 
of  the distribution coefficient of  an element between 
mineral and matrix, or  to R E E  concentrations 
'normalised' to a standard set of  concentrations, 
the most appropriate in the present instance being 
the North  American Shale Composite (NASC) of  
40 shales (Gromet et al., 1984; McLennan,  1989, 
table  2). There  is, however ,  an i m p o r t a n t  
conceptual difference between 'normalised' concen- 
trations and correlation coefficients: the former are 
relative to a particular set of  external standards, 
while the latter are relative to the mean concentra- 
tions in the sample of  n specimens - -  albeit in the 
present case the mean concentrations are closely 
similar to the shale standard (Table 1). There is 
therefore a constraint on the correlations (as there 
is also on mineral/matrix distribution coefficients) 
that is not  present in straightforward measurements 
of  R E E  concentrations in minerals. The closeness 
of  the reciprocal relationship between musco- 
v i te+bio t i t e  and chlorite (see below) may be 
accentuated by this constraint. 

TABLE 1. Mean concentrations (ppm) of  rare earth 
elements in (a) N A S C  shale composite (from 
McLennan,  1989, table 2), and (b) 31 shales 
from Whitland 

(a) (b) 

La 32 34.84 
Ce 73 74.43 
Pr 7.9 8.90 
Nd 33 34.11 
Sm 5.7 6.22 
Eu 1.24 1.28 
Gd 5.2 5.77 
Dy 5.8 5.68 
Ho 1.04 1.05 
Er 3.4 2.76 
Yb 3.1 2.67 
Lu 0.48 0.45 
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In the extended model, if we interpret A as a 
REE and B as another constituent of a mineral 
(e.g. an oxide), then we see from equation (2) that 
ran (REE/oxide) and rAc (REE/mineral) will be 
likely to have the same sign if r sc  (oxide/mineral) 
is positive. For  an oxide (or other element) with a 
higher concentration in a mineral than in the rest 
of the rock (i.e. r sc  positive) the plot of REE/oxide 
correlations is therefore likely to be similar to that 
of REE/mineral correlations relative to the r = 0 
line. Indeed, in the limiting case of an oxide (or 
element) B which is restricted to a mineral C and 
occurs therein in constant proportions, rsc  = 
+ 1.0 and rAs.c = 0, so that ran = r A c ,  i.e. the 
two plots coincide, as is approximately true for 
1(20 and Cr with respect to muscovite + biotite in 
Fig. 2a. In other cases described below the 
coincidence of the plots is not so exact, but the 
similarity is nevertheless close enough for REEl  
oxide or element correlations to be used in practice 
as p r o x y  for  R E E / m i n e r a l  c o r r e l a t i o n s .  
Furthermore, by inverting equation (2) we can 
calculate rAn.C, the partial correlation between A 
and B when the effect of mineral C is removed, 
and by extension of the process we can calculate 
rAn.CO, rAS.CDE, etc., and thereby find the partial 
correlation between A and B when the effects of 
other minerals D, E, etc., have also been removed. 
From the REE/element  correlation patterns that 
remain after thus partialling out the effects of all 
the measured minerals, we can then infer the 
presence of minerals not measured by XRD. 

Two practical aspects of the application of the 
methodology should be mentioned. Firstly, the 
method is based on a sample of rock specimens, 
not on a single specimen, and the concentrations 
so obtained relate to the mean relative concentra- 
tions of the elements in the mineral phases 
averaged over the whole sample. Although, 
therefore, the sample must be large enough to 
provide reliable estimates of correlation coeffi- 
cients, it should not be so large or heterogeneous 
as to encompass wide divergences in the chemical 
composition of the minerals concerned. As with all 
correlation-based techniques, there is a sensitivity 
to outliers. Sub-sampling from the data set 
described below (31 specimens of black shale) 
suggests that reliable results can be obtained on 
samples of size n = 10. 

Secondly, the method requires accurate esti- 
mates not only of chemical composition (as in 
single crystal studies) but also of mineralogical 
composition. Mineralogical composition is most 
conveniently assessed by X-ray diffraction (XRD) 
techniques as the intensities of reflections at 
suitable d-spacings. The problem is to find d- 
spacings that are unique to particular minerals and 

free from interference from other minerals. The 
present technique, however, itself provides a check 
on interference, because the mineral-element 
correlations should accord with the mineral 
composition: intensities measured on a d-spacing 
supposedly representing pure quartz, for instance, 
should not show significant positive correlations 
with any of the major oxides. For  this reason 
quartz has not been used in the analysis that 
follows because of interference on the two most 
sui table  peaks,  2.28A (calcite) and 4.26A 
(feldspars). In contrast, albite (4.03 or 6.39A) 
appears t o  give consistent results. For  micas, the 
4.97-5.04A peak is interpreted as primarily an 
index of muscovite+bioti te,  although it may 
include cont r ibu t ions  from paragoni te  and  
rectorite. Similarly the 14.4A peak is interpreted 
as an index of chlorite, although it probably 
includes contributions from chlorite/smectite and 
chlorite/vermiculite interlayerings. In future it will 
probably be possible to overcome these problems 
by using algorithms for the automatic measure- 
ment of mineral intensities from XRD traces (e.g. 
Bish and Chipera, 1988; Taylor and Rui, 1992). 

Application to REE distribution in black shales 

The observed concentrations and mineralogical 
distribution of elements in black shales are the 
resultants of three separate signals - -  detrital, 
authigenic, and diagenetic. The low concentrations 
of REE in sea water suggest that the elements are 
relatively immobile during weathering and trans- 
port,  being carried part ly in heavy detri tal  
minerals, especially zircon and titanite, and 
partly adsorbed on to clay particles (McLennan, 
1989, pp. 175,179). R E E  are, however, enriched in 
authigenic material, e.g. ferromanganese nodules 
and phosphates (Fleet, 1984, pp. 360, 363). The 
enhancement of REE concentrations in the pore 
waters of  reducing nearshore sediments led 
Elderfield and Sholkovitz (1987) to infer that 
R E E  may be mobilised during diagenesis, and the 
progressive down-hole depletion of REE in Japan 
Sea sediments (Murray et al., 1991) has been 
attributed to this cause, as has the development of 
a positive Eu anomaly in Amazon deep-sea fan 
muds (MacRae et al., 1992). It has also been 
suggested (Milodowski and Zalasiewicz, 1991) 
that there may be REE mobilisation between 
different sedimentary phases during diagenesis. 

The present study investigates fractionation of 
R E E  between different mineral phases in some 
Middle Ordovician shales of which the broad 
outlines of the geochemistry (excluding REE) and 
mineralogy have already been published (Temple 
and Cave, 1992). 
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Sampling and analytical techniques 

31 specimens of  shale were collected at 2m 
stratigraphical intervals from strata belonging to 
the clingani and linearis graptolite zones (Middle 
Ordovician) in the A40(T) road cutting near 
Whitland [SN 1723 1691], South Wales. 

ICPAES analysis was carried out on a Philips 
ICP polychromator (Thompson and Walsh, 1988). 
Sample means for the analysed oxides and 
elements are given in Temple and Cave, 1992, 
table 1 (all Fe was determined as Fe203). R E E  
were analysed separately by ICPAES following 
cation separation (Walsh et al., 1981) to obtain 
data on La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er °, 
Yb and Lu: sample means are given in Table 1. 
Organic (non-carbonate) C and S were measured 
on a Leco C/S125 analyser. XRD analysis was 
carried out on a Philips PWl710 diffractometer 
(Roberts et al., 1990, p. 272). Mineral abundances 
were measured as the heights above adjacent 
b a c k g r o u n d  o f  p e a k s  a t  4 . 9 7 - 5 . 0 4 A  
(muscovite+biotite), 6.39A (albite) and 14.4A 
(chlorite). 

Results 

Fig. 1 is a variate plot on the first 3 eigenvectors of 
the 39-variate correlation matrix based on 21 
oxides and elements, 12 REE, organic C and S, 
LOI, and 3 XRD d-spacings. For  clarity of 
presentation the Y2 (27.3% of trace) and Y3 
(14.8%) axes are placed horizontally, and the Yl 
axis (30.1% of trace) is vertical, while oxides are 
listed as elements. With the exceptions noted, 
positive inter-variate  correlat ion coefficients 
greater than 0.5 (all significant at < 1% two- 
sided level) are indicated. The plot shows the same 
mineralogical groupings as those of the previously 
published eigenvector plot without R E E  (Temple 
and Cave, 1992, p. 593, fig. 2). The cluster of open 
symbols (negative Yl scores) at the top of the 
o r d i n a t i o n  r e p r e s e n t s  m u s c o v i t e + b i o t i t e  
(4.97-5.04A) and the associated elements and 
oxides, i.e. K20, A1203, TiO2, Cr, Zr, L R E E  and 
H R E E .  At the bottom on the left and mainly with 
positiye Yl scores (solid symbols) is the chlorite 
(14.4A) cluster of  Fe203, MgO, Li, MnO, Cu, Co, 
Zn and Ni. At the bottom on the right with 
negative Yl scores is the phosphate-carbonate 
cluster of CaO, St, P~205 and Y, with LOI 
associated. Albite (6.39A) plots near the top of 
the ordination, with positive y~ scores and close to 
Na20, C and V. Ba, Sc and S are rather isolated, 
although Sc is linked with LREE,  and S with Co. 
The R E E  form a string from L R E E  near 
muscovite + biotite to M R E E  between the phos- 

phate and chlorite clusters (but more closely linked 
to the former), and then doubled back so that 
H R E E  again approach muscovite + biotite. 

The relations of the REE are shown in more 
detail in Fig. 2a-e as curves of the correlation 
coefficients between the REE and the different 
minerals (and their constituent elements), the 
correlation coefficients being proportional to the 
concentrations of the REE relative to the sample 
mean concentrations (Table 1) represented by the 
r = 0 line. 

Elements and minerals with similar REE response 
patterns have been grouped together in Fig. 2a--e, 
and it will be seen that most of the elements fall into 
either the muscovite + biotite group (4;97-5.04A. - -  
Fig. 2a), or the chlorite group (14.4A - -  Fig. 2b), 
and that the patterns of the two figures are 
complementary: chlorite is enriched in M R E E  (Sm 
to Ho), while muscovite+biotite is depleted in 
MREE$ and enriched in L R E E  and HREE.  In Fig. 
2a the curves for A1203, K20, TiO2 and Cr are 
remarkably parallel to the muscovite + biotite curve, 
while Zr diverges only slightly by being lower for 
L R E E  and higher for HREE.  A feature of Fig. 2b is 
the positive Ce anomaly in members of the chlorite 
group. MgO is the only exception, and in this 
respect, as also in the high values of its REE 
correlations, it approaches the condition of the 
phosphate-carbonate group of elements in Fig. 2c. 
Members of this group (P205, CaO, Sr and Y) 
resemble the chlorite group in showing M R E E  
enrichment, but differ in having a negative Ce 
anomaly. Fig. 2d shows the correlations of albite 
(6.39A), Na20, organic C and V, all of which are 
slightly concave upwards and least depleted in 
H R E E .  Fig. 2e shows the three remaining 
elements. Sc and Ba show similar upwardly 
biconvex curves resembling muscovite+biotite in 
relative depletion of middle REE, scandium being 
distinguished by showing positive correlations with 
all of the REE, presumably because of its chemical 
affinities to the lanthanides. Sulphur remains 
everywhere close to the mean line, from which it 
appears, however, to show consistent and non- 
random deviations (e.g. depletion in LREE). 

Discussion 

The most striking aspect of the R E E  concentration 
patterns in Fig. 2a (muscovite+ biotite) and Fig. 
2b (chlorite) is their complementarity. Since, 
however, these three minerals probably constitute 
between them the greater part of the Whitland 
samples (and probably contribute an even greater 
proportion of the R E E  content), and since the 
patterns are relative to the mean concentrations in 
the samples, the closeness of the complementarity 

*ICPAES data for Er are probably less reliable than for 
other REE (Walsh et al., 1981, p.147): they have been 
retained in the calculations despite producing slightly 
anomalous results (Fig. 2). 
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is probably artefactual. There are several reasons 
why we should beware of  seeking a purely 
mineralogical  explanat ion of  the individual  
muscovite + biotite and chlorite R E E  patterns at 
Whi t l and .  Firs t ly ,  publ ished da ta  on R E E  
distributions in chlorite, muscovite and biotite 
(Cullers et al., 1975, table 2; Roaldset, 1975, table 
2; Taylor and McLennan, 1985, table 2.12; Ward 
et al., 1992, table 2) do not show consistent 
enough patterns within, nor consistent enough 

differences between, the three minerals, for 
comparisons to be made with the Whit land 
patterns, except for the observation that the 
strong L R E E  enrichment in muscovite+bioti te 
at Whi t l and  is unusual.  Secondly, a large 
proport ion of the R E E  content is probably 
adsorbed on to the surfaces and in the interspaces 
of the minerals, so that we do not need to consider 
in detail the lattice structures of the minerals. 
Roaldset has shown that, for micas and chlorite 

0.3 

0,2 

0.1 

Y2 

0 

-0.1 

-0.2 

0,4 

Yl I r 
>_0.0 �9 _>0.9 
< 0 . 0  0 / > - 0 - 7 - - -  

/ 

<~-012 
U 1 - > ~  Ti Zr  

AI ~ K  
C r 1 4 " ~ , : ' ~ : . ;  " ~ _ . .  ,., . . . . . . . . . .  :~=-e Na ~ ,  % ; ~(.; ; ~  . . . . . .  

i c o 
4 . 9 7 - 5 . 0 4 A  ',', / ,"~ :", , �9 6 39A 

~,, / L~'~I_~ n " 
Ce't~ ~'- "t', '~,- ~Ba 

~ P r  
sco/  s 

..:, W N d  
E O  ' , LOI . . . ' ' "  I 

Ni r 
-- I~ .. 

Cu , .o ,-'"" Co ~ .....-."OZn 
- "-,'i',"~ Mn 

o 
14 .4A 

', ~Sm Ca'x~o Sr 
- . - - . .  p j - "  

Dy . . . .  -------" 

Eu 
_0.3_____it • l J 1 

-0.3 -0.2 -0.1 0 ~ 0,1 0.2 0.3 

FIG. 1. Element/oxide concentrations and d-spacing intensities plotted on the first three eigenvectors 0'1 to Y3 - 
note that Yl is perpendicular to the paper) of the 39-variate correlation matrix, based on 31 shales from 
Whitland. All correlations with coefficients /> 0.7 are shown; correlations with coefficients />0.5 are shown 
only for variates with no coefficients /> 0.7. Some of the plotted points have been shifted slightly, in the Y2/Y3 
plane so as to clarify the relationships. 4.97-5.04.~ d-spacing represents muscovite + biotite, 6.39A albite, and 

14.4A chlorite (see text). 



538 J. T. T E M P L E  A N D  J. N.  W A L S H  

1.0 

i 1 

0.8 

0.6 

02  

-0.4 

-0.6 

~ O.8 

Zr ~-.. " . , z r  ~ ,  "'/ 

._ ~ /  ~̂,o, o 

- 02  

0.4 

-O.8 

-I 'OLa CLe Plr NIQ I Sire [I U J(~ I Dy I]10 Elf YIb LIU 

b 

t'lgO 

Cu " .  

La Ce Pr NQ $m Eu 6d By o r b u 

,o C 
t" 

O8 , '  

06  / , t  , \~ Y 
0 4  

0.2 

\ 

- 0 2  

- 0 4  

- 0 6  

-0,8 

-%, 'o J~ J, ' '~ Jo J~ ' o', 'o 2, ' '~ ,', l u  

I 0  

08  

0 

- 3 2  

-O4  

-Oe 

d 

' 'm~'o Jo ' ~'y .'o " ' ~ " 



REE IN FINE-GRAINED SEDIMENTS 539 

from the Norwegian Precambrian, up to 70% of 
the REE content was leachable by EDTA (1975, 
tables 2, 3), and her figures confirm the suggestion 
(Erel and Stolper, 1993) that L R E E  are preferen- 
tially adsorbed on to surfaces. Finally, preliminary 
studies o f  three other  sections of  Welsh 
Ordovician black shales also show complemen- 
tary REE patterns in muscovite+biotite and 
chlorite, even though the detailed patterns are 
not the same as at Whitland. We conclude that it is 
the complementarity of the Whitland musco- 
vite+biotite and chlorite R E E  patterns that 
needs explanation, rather than the patterns 
themselves. This complementar i ty  is best 
explained by scavenging of R E E  during diage- 
netic recrystallisation of  the unfractionated 
precursors of  the minerals: the detailed resulting 
patterns for muscovite+biot i te  and chlorite 
presumably depend on local compositional and 
diagenetic conditions. 

Two aspects of the muscovite+biotite and 
chlorite patterns at Whitland do, however, need 
comment,  viz., the association of  Zr with 
muscovite+ biotite at Whitland (Figs. 1, 2a), and 
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Fin. 2a--e. Correlation coefficients of rare earth 
elements with element/oxide concentrations and d- 
spacing intensities. 4.97-5.04A d-spacing represents 
muscovite+ biotite, 6.39A albite, and 14.4A chlorite 

(see text). 

the positive Ce anomaly in chlorite (Fig. 2b). In 
contrast to Cr and Ti, Zr is not a normal 
substitution in muscovite or biotite lattices (Deer 
et al., 1992, p. 289). Its unexpected association 
with muscovite+bioti te at Whitland is best 
explained by the inclusion of  earlier formed 
crystals of zircon in (presumably detrital) biotite 
(Deer et at., 1992, p. 25). Such inclusions would 
also explain the muscovite + biotite H R E E  enrich- 
ment at Whitland, zircon having a strong affinity 
for H R E E  (McLennan, 1989, fig. 9). The existence 
of zircon at Whitland is supported by calculations 
of the partial correlations of Zr with the REE after 
partialling out all the other elements of the 
correlation matrix: the resulting pattern (Zr* in 
Fig. 3) is very similar to published traces for zircon 
(e.g. McLennan, loc. cit.). 

Positive Ce anomalies, as in the chlorite group 
at Whitland, are found today in ferromanganese 
nodules and crusts (Fleet, 1984, fig. 10.12; 
McLennan, 1989, p. 173) and in slowly accumu- 
lating oceanic sediments rich in authigenic metals 
(Thomson et al., 1984, fig. 8). Although Fe, Mn 
and Cu are not especially enriched at Whitland 
(Temple and Cave, 1992, table 1), the positive Ce 
anomaly suggests that the Whitland chlorites may 
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CaO; the line Zr* is from the 13-variate correlation 

matrix after partialling out all other elements. 
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incorporate elements that originated as ferroman- 
ganese oxides. 

The upwardly convex R E E  curves of  the 
Whitland phosphate group (Fig. 2c) are broadly 
similar to the REE patterns described for the cores 
(but not the rims) of monazite nodules of probable 
diagenetic origin from the Lower Palaeozoic of 
Wales and elsewhere (Read et al., 1987, fig. 2; 
Milodowski and Zalasiewicz, 1991, fig. 24). This 
similarity, together with the fact that Y belongs to 
the W h i t l a n d  phospha te  group,  raises the 
possibi l i ty  that  incipient  monazi te-xenot ime 
nodules might be present at Whitland. In detail, 
however, the patterns of Fig. 2c differ from 
described nodule patterns in having a negative 
Ce anomaly but lacking a Eu anomaly, and in 
these respects (and probably also in the absolute 
abundances they represent) they are closer to the 
curves for diagenetically altered biogenic apatites 
of widely different geological ages (Wright et al., 
1984, fig. 2; Elderfield and Pagett, 1986, figs. 5-6;  
Schmitz et al., 1988, fig. 3; Grandjean and 
A l b a r r d e ,  1989, p. 3182, figs. 1 -2) .  The 
Whitland phosphate group is considered there- 
fore to represent biogenic apatite. The upwardly 
convex R E E  curves of biogenic apatites have been 
attributed to uptake from sea water or from 
sedimented biogenic debris. Similar patterns - -  
but without negative Ce anomalies - -  are however 
shown by partition coefficients of REE in some 
igneous apatites (Watson and Green, 1981, fig. 1). 
In all these apatites the REE are replacing Ca 2+, 
and yet the maximum REE enrichment occurs for 
M R E E  with ionic radii smaller than that of Ca 2+, 
rather than for H R E E  such as Ce 3+, Pr 3+ or 
Nd 3+ which are closer in size to Ca 2+ . The same is 
true of diopside, where R E E  replacement of Ca 2+ 
at the M2 site is at a maximum for Gd 3 + (Reitan 
et al., 1980, fig. 1); and a similar phenomenon is 
shown by R E E  partition coefficients in hornblende 
(Jensen, 1973, figs. 5,11). It is not certain whether 
the size discrepancies in these cases are due entirely 
to the smaller cations fitting more optimally into 
the sites than the major cations that normally 
occupy them (Jensen, 1973, p. 2240; Reitan et al., 
1980, p. 189), or whether electrostatic or crystal 
field effects contribute to the phenomenon. The 
situation in apatite is complicated by the existence 
of two different Ca sites in the lattice, although the 
bond-valence calculations of Hughes et al. (1991, 
p. 1171, table 8) suggest that Nd should be the 
preferred R E E  occupant in both of them. It is 
difficult, therefore, to explain why biogenic 
apatites should sometimes be enriched in even 
heavier and smaller R E E  (maximum for Gd at 
Whitland and in Grandjean and Albarede, 1989, 
fig. 2). 

The implications of the negative Ce anomaly in 
Whitland phosphates are debatable: although such 
an anomaly has been considered to imply an oxic 
environment (Elderfield and Pagett, 1986, fig. 13; 
Wright et al., 1987, p. 639), other aspects of 
Whitland geochemistry suggest an anoxic environ- 
ment (Temple and Cave, 1992, p. 591). 
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